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Abstract: We explored the surface enhanced Raman scattering (SERS) activity of the InN 
nanostructures, possessing surface electron accumulation (SEA), using the Rhodamine 6G 
(R6G) molecules. SERS enhancement is observed for the InN nanostructures which possess 
surface electron accumulation (SEA). In case of high temperature grown InN samples, a peak 
is observed in the low wave number (THz region) of Raman spectra of InN nanostructures 
originating from excitation of the two dimensional (2D) plasmons of the SEA. The 
enhancement factor of four orders was calculated with the assumption of monolayer coverage 
of analyte molecule. SERS enhancement of InN nanostructures is attributed to the 2D 
plasmonic nature of InN nanostructures invoking SEA, rather than the contributions from 3D 
surface plasmon resonance (SPR) and chemical interaction. The role of 2D plasmon 
excitation in SERS enhancement is corroborated by the near-field light-matter interaction 
studies using near-field scanning optical microscopy. 
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Introduction: 
 Raman spectroscopy is an indispensable characterization technique in analytical 
chemistry as well as material science for its contribution to phase analysis. However, Raman 
spectroscopy is limited by its feeble scattering cross-section. For the non-resonant molecules 
the Raman scattering cross section is 10
-32
 cm
2
/sr, where as in case of resonant molecules it is 
10
-27
 cm
2
/sr. The Raman scattering cross-section can be enhanced by means of resonance 
Raman scattering (RRS) using resonant excitation matching the band edge transition energy 
levels. In addition, Raman scattering cross-section is found to be enhanced enormously with 
the absorption of analyte molecules on the rough surfaces of noble metals. This phenomenon 
is called the surface enhanced Raman scattering (SERS) [1, 2]. The SERS enhancement 
factor can be as much as 10
14
- 10
16
, which makes it to realize a single molecule detection 
[35]. The enhancement of SERS is attributed to the combination of two phenomena 
comprising of, namely, electromagnetic mechanism (EM) and chemical mechanism (CM) 
[69]. Large contribution of the enhancement, however, is attributed to the EM effect and 
role of the CM is minimal with one to two orders of the value [1012]. The EM mechanism 
exploits the surface plasmon resonance (SPR) phenomenon of metal nanoparticles and nano-
protrusions [13]. The SPR prevails when the excited electrometric wave is coupled to the 
conduction band electrons of the metal nanostructures. As a consequence of the SPR, electric 
field near the surface region is enhanced by four orders, and the enhanced field is evanescent 
in nature. However, SPR is strongly dependent on the excitation frequency, which is closely 
matched with the resonance frequency of free electrons of the nanostructure. The resonance 
frequency of the coinage (Au, Ag and Cu) and transition (Pt, Pd) metal nanostructures fall in 
the visible region [1416]. Consequently, most of the SERS enhancement measurements are 
carried on the metallic nanostructures, especially Ag and Au nanoparticles. However, CM 
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relies on the charge transfer mechanism which results in the increase of molecular 
polarizability [15, 1719]. 
 Because of their exceptional enhancement, most of the SERS measurements are 
carried out on the metallic nanostructures [20, 21]. However, metal nanostructures suffer 
from their poor bio-compatibility and cost-effectiveness [2224]. Recently, semiconductor 
nanostructures are being investigated as an alternative to metallic SERS substrates, which 
includes the metal oxide (MO) nanostructures, namely TiO2, ZnO, Fe2O3, alongside 
compound semiconductor e.g., InAs, and elemental semiconductors of Si and Ge [15, 2529]. 
Moreover, large dielectric constants of metal oxide nanoparticles (Fe3O4, TiO2, WO3, and 
ZnO) are also utilized to enhance the Raman scattering cross-section [30]. In addition, 
graphene is also reported for the SERS substrate showing enhancement of one order [12].  
Because of the low carrier density in the semiconductors as compared to metals, the 
frequency of SPR is generally in the infrared region, which is far from the visible region [31].  
As a result, SERS enhancement is expected to be very low in the process of EM. Thus, the 
SERS enhancement in the semiconductors can be attributed to CM through the charge 
transfer effect [28, 29, 32]. In the context of bio-compatibility, III-V nitrides, namely InN, 
GaN, and AlN are excellent candidates [33]. However, to the best of our knowledge till now 
there are no reports available as III-nitrides as SERS substrates. Especially, InN shows a 
unique property of possessing the surface electron accumulation (SEA) along its surface 
region [3436]. The sheet carrier density in the SEA layer behaves like two dimensional 
electron gas (2DEG) [3739]. The plasmonic nature of 2DEG is different from conventional 
3D plasmons, where plasmon frequency varies with the carrier density. In contrast, resonance 
frequency depends on the in-plane wave vector (k) along with the areal carrier density in 
former case [38, 39]. 
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In the present study, 2D plasmonic nature of the sheet carrier density in the SEA is 
explored for the SERS enhancement. The SERS activity of InN nanostructures is probed 
using the different laser excitations. In addition, the role of SEA induced 2D plasmons in the 
enhancement of Raman spectra is probed. The measurements were carried out on the standard 
SERS analyte of Rhodamine 6G (R6G). 
Experimental: 
 InN nanostructures were grown via atmospheric chemical vapour deposition 
technique using the metallic In (99.999%) as the source and ultra high pure NH3 (99.9999%) 
and the reactive gas. The c-Al2O3 was used as the substrate. Details of the growth procedure 
can be found elsewhere [40]. The growth of the InN nanostructures was carried out at three 
different temperatures of 580, 620, and 650 
o
C for the present study. Morphology of 
nanostructures was studied using the field emission scanning electron microscopy (FESEM; 
AURIGA, Zeiss). The vibrational properties were studied using micro-Raman spectrometer 
(InVia, Renishaw) with 514.5 and 488 nm laser excitations. All the Raman spectra were 
collected in the backscattering geometry and were detected using the thermo-electric cooled 
CCD detector with the help of 1800 and 2400 grmm-1 grating monochromatization for 514.5 
nm and 488 nm excitations, respectively. The Raleigh line cut off frequency was 30 cm
-1
. The 
laser power of 3 W and the objective lens of 50X (NA  0.75) were used in the present 
study. Near-field imaging was carried out using the near-field scanning optical microscopy 
(NSOM) with aperture probe (MultiView 4000, Nanonics, Israel). In NSOM measurements, 
532 nm laser was excited through the 100 nm size aperture and near-field distance was 
controlled using atomic force microscopy (AFM) feedback mechanism.  
 The SERS substrate was prepared by a quite simple approach. The Al2O3 substrate 
with InN (Al2O3/InN) nanostructures grown on it was immersed in the 10
3
 M R6G solution 
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for a while (1 or 2 sec) and subsequently dried under the IR lamp. In literature, several 
methods were adopted for the measurement of SERS enhancement factors [11].
 
One of the 
simple approaches is to collect Raman spectrum in the presence and in the absence of SERS 
substrate with the same concentration of the analyte and experimental conditions.  In the 
present study, we utilized the unintentionally made scratches on the sample as bare substrate. 
In other words, Raman spectrum was collected from the area of scratches on the sample 
where there were no nanostructures and was compared with the Raman spectrum collected 
from the area with InN nanostructures.  
Results and Discussion: 
The morphological features are shown for InN nanostructures grown at different temperatures 
such as 580 
o
C (Fig. 1a), 620 
o
C (Fig. 1b) and 650 
o
C (Fig. 1c). The FESEM micrographs 
revealed the fact that nanostructures were grown with the random size and shapes. 
 
Fig. 1  Morphology of InN nanostructures grown at different temperatures a) 580 
o
C b) 620 
o
C and c) 650 
o
C   
However, the average size of the nanostructures was observed in the range of 100-200 nm.  
Raman spectroscopic analysis of these nanostructures is shown in Fig. 2 with the 514.5 nm 
excitation. The peaks observed in Raman spectra are readily assigned with symmetry allowed 
vibrational modes of the wurtzite-phase of InN belonging to the p63mc space group which 
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predicts six active Raman modes, = 2A1+ 2E1+2E2 [40, 41]. An asymmetric broadening of 
the A1(LO) mode is observed in high temperature grown samples at 620 and 650 
o
C. The 
asymmetric broadening of the A1(LO) mode is attributed to Fano interference of the free 
carrier density and the phonon mode through Frolich interaction [40,42]. The observation of 
Fano line shape explicitly reveals the fact that high temperature grown samples possess high 
carrier density as compared to that for the low temperature grown sample. Native defects in 
InN system, N vacancies, as well as the presence of SEA may be the reason for the increased  
 
Fig. 2 Raman spectra of InN nanostructures grown at 580, 620 and 650 
o
C. A low frequency 
peak, which is attributed to the 2D plasmon excitation, is evolved in high temperature grown 
samples. The schematic of the scattering geometry is shown in the inset of the middle 
spectrum. 
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carrier density in the high temperature grown samples [40]. In addition, a broad peak at the 
low frequency region is observed in high temperature grown samples only. Asymmetric 
broadening of the A1(LO) mode and low frequency broad peak are observed for all samples 
grown at and above 620 
o
C. The low frequency peak can be attributed to the plasmon 
oscillations of InN nanostructures. However, the observed plasmon peak frequency at 54-60 
cm
1
 (1.6-1.8 THz) may not be attributed to the bulk plasmons because 3D plasmon 
frequency of InN is calculated as the 1968 cm
-1 
(discussed in forth coming section). In 
addition, observed peak may not be related to In clusters because of Mie resonance of In 
nanoparticles in InN matrix is observed in the energy range of 0.7-1 eV. Moreover, the 
interband transitions of most metals happen in the visible to UV region. The new peak in the 
low wave number region may be originated because of excitation of 2D plasmons in the form 
of surface plasmon polaritons (SPPs) [4345]. Moreover, observed blue shift (Supporting 
information, Fig. S1) of  the low frequency mode for samples grown at higher temperature 
further substantiates our assumption. The observed frequency is closely matched with 
reported 2D plasmon frequency in the range of THz for the SEA in InN [38, 39]. The 
condition for the excitation of the SPP in the layered structure is k||d  1, where k|| is the in-
plane wave vector and d is the thickness of the layered structure. In backscattering geometry, 
the in-plane wave vectors can be written as the k||= (2/) (sin1+sin2), where 1 and 2 are 
the angles between the incident beam and normal to the surface and scattered beam and 
normal to the surface, respectively. The schematic of the scattering geometry is shown in the 
inset of middle spectrum of Fig. 2. Because of the random alignment nanocrystals with 
respect to the incident laser, the minimum and maximum in-plane wave vector transfer occurs 
at angles of 0 and 90 degrees, respectively. Considering d as the width of the SEA of InN 
nanostructures in the range of 4-10 nm, at incident and scattering angles of 45 degrees the  k|| 
can be calculated as  22/ which meet the condition [k||d (0.070.17) 1] for the SPP 
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excitation [38]. The presence of In-In adatoms on the surfaces of InN is the physical origin of 
SEA [46].
 
The surface states of In-In adatoms exist above the conduction band minima 
(CBM) owing to the narrow band gap of InN. These surface states donate the electron to 
conduction band acquiring the positive charge. The electrons are accumulated near the 
surface to compensate the positive charge leading to the SEA. However, the presence of the 
In-In adatoms at the surface depends the on the growth conditions [46]. In the present case, 
owing to the low thermal stability of InN, the presence of the In-In adatoms can be expected 
in high temperature grown InN samples. Consequently, the SEA is present in the high 
temperature grown samples. As a result, the low-frequency feature is observed only in case of 
the high temperature grown samples. Thus, Raman spectroscopic analysis emphasizes that 
nanostructures grown at and above 620 
o
C possess SEA. 
 Here, we explored the SERS activity of the InN nanostructures using the standard 
SERS analyte such as R6G. For measuring the SERS activity, two samples were selected 
which were grown at 580 and 650 
o
C. Among these, high temperature grown sample 
possesses the SEA. Raman spectrum of the R6G molecules adsorbed on the InN 
nanostructures grown at 580 
o
C is shown in Fig. 3a. The inset of Fig. 3a shows the optical 
image of the R6G molecules adsorbed on Al2O3/InN substrates. The circles in the inset figure 
represent the area for the collection of Raman spectra. The dashed circle represents the R6G 
on the bare Al2O3 substrate where the continuous circle represents the R6G on InN 
nanostructures. Raman spectra show the distinct peaks at frequencies of 1 = 614 cm
1
, 2= 
774 cm
1
, 3 = 1189 cm
1
, 4= 1309 cm
1
, 5 = 1363 cm
1
, 6 = 1512 cm
1
, 7=1574 cm
1
 
and 8= 1651 cm
1
. The observed peaks were closely matched with reported values of R6G 
molecules.  While other modes correspond to the aromatic symmetric stretching of the R6G 
molecule; 1, 2 and 3 correspond to the C-C-C ring in-plane bending, out-of-plane bending 
of the H atoms of the xanthene skeleton, and C-C stretching vibrations, respectively [3, 47]. 
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In the present study, Raman enhancement was calculated using the vibrational mode of 8= 
1651 cm
1
. Raman spectrum in case of the sample grown at 580 
o
C without any SEA shows 
the same intensity along with overlap in the spectral features (Fig. 3a). It shows the negligible 
amount of enhancement of the intensity in the presence of the nanostructures grown at 580 
o
C 
(Fig. 3a). In addition, the luminescence of the R6G molecules is collected in the presence and 
absence of the InN nanostructures (Fig. 3b), and no enhancement in the luminescence band is 
observed. A shoulder is observed (Fig. 3b) in the luminescence spectrum of R6G molecules 
on InN nanostructures  620 nm which is discussed subsequently. 
 
Fig. 3 (a) SERS enhancement studies on InN nanostructures grown at 580 
o
C. Inset figure 
shows the optical images of R6G adsorbed substrate with the presence (continuous circle; 
Al2O3/InN/R6G) and absence (dashed circle; Al2O3/R6G) of nanostructures where the Raman 
spectra were collected. (b) Luminescence band of 10
-3
 M R6G in the presence and absence of 
the InN nanostructures.  
The SERS enhancement of the InN nanostructures grown at 650 
o
C is further carried out to 
study the effect of the SEA, as the nanostructures grown at and above 620 
o
C are analyzed to 
possess prominent SEA (Fig. 2). The electrons in the SEA behave like absolute 2DEG.  
Raman spectra of the R6G molecules absorbed on the InN nanostructures, grown at 650 
o
C, 
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are shown in Fig. 4a. As compared the InN nanostructures grown at 580 
o
C, the spectra 
witness considerable amount of enhancement in the presence of InN nanostructures grown at 
650 
o
C.  The background correction was carried out using the cubic spline interpolation. The 
enhancement factor (EF) is calculated using the following equation, 
       
SERSNormal
NormalSERS
NI
NI
EF   (1) 
where ISERS is the intensity of a specific Raman mode of R6G; INormal is the intensity of the 
same mode of R6G in the absence of SERS substrate; NNormal is number of R6G molecules in 
the excited volume in case of normal Raman analysis; and NSERS is the number of adsorbed 
R6G molecules for a single nanostructure with an average size. 
 
Fig. 4 SERS and PL enhancement studies on InN nanostructures grown at 650 
o
C.  a) Raman 
spectra collected in the presence (corresponding to the continuous circle) and absence 
(corresponding to the dashed circle) of InN nanostructures. b) Luminescence of R6G 
molecules in presence and absence of InN nanostructures. Inset of (b) shows the area of 
collection of Raman and PL spectra. c) Intensity mapping of Raman mode 8= 1651 cm
1
 
showing the enhanced intensity in the presence of the InN nanostructures.                                      
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 The NNormal can be calculated using the effective excitation volume, V= (D/2)
2
H; 
where D is the diameter of the beam size (D  0.84 m), and H is the effective depth of the 
focus (1m).  Subsequently, NNormal was calculated using the following equation, 
      NNormal= (V/M)NA (2) 
where the  and M are the density (1.26 g/cm3) and molecular weight (479.02 gm/mol) of the 
R6G; and NA is the Avogadro's number. The NNormal is calculated to be ~ 3.510
8
. The NSERS 
(8.9104) is evaluated using the average surface area of the nanostructures and molecular foot 
print of the R6G (~ 2.2 nm
2
) with the assumption of the self-assembled monolayer. However, 
NSERS depends on the surface coverage of the analyte molecule (mono or multilayer). Because 
of finite decay length (30 nm) of the enhanced field, the number of layers influenced by the 
enhanced field is more than one monolayer. The thickness of the monolayer of the R6G 
molecule is 1.2 nm [48].
 
Thus, the number of layers experiences the enhanced field is ~ 25 
which is taken into account of NSERS calculation. Here, nanostructures are approximated as 
spherical particles with the size of 100 nm for the simplicity of calculation.  The calculated 
EF is ~1.4104 for the Raman mode of 8= 1651 cm
1
. In addition, luminescence from the 
R6G molecules is collected in the presence and absence of InN nanostructures (Fig. 4c) 
showing enhancement of four times in the luminescence band. Similar to the sample grown at 
580 
o
C (Fig. 3b), a shoulder peak is also observed in the luminescence spectrum of the 
present sample with R6G (Fig. 4b). Rhodamine 6G (R6G) is one of the most frequently used 
dyes for applications in dye lasers and as a fluorescence tracer. The absorption and 
luminescence bands of R6G are dependent on the concentration of R6G molecules. This 
phenomenon is reported for aqueous solutions [49] and thin films [48]. The absorption and 
emission properties of R6G can be explained by the exciton model theory.  According to the 
exciton theory, the dye molecule is considered as a point dipole. The dye molecules are 
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configured as monomers (isolated molecules) and aggregate molecules (dimers and trimers). 
There are two basic dimer configurations such as perfectly sandwiched structure (H-type) and 
perfectly aligned structure (J-type). The former is characterized by intense absorption and 
forbidden emission because of dipole selection rules. In addition, the blue shift in the 
absorption edge is observed as compared to the monomer. The later configuration is 
fluorescent with a red shift in the absorption and luminescence bands as compared to the 
monomer. However, the dimer of R6G molecules can be configured with a distorted 
sandwich structure such as an oblique H-type dimer. This oblique dimer is fluorescent and 
possesses the characteristics of both H- and J-type dimer. The emission from the oblique 
dimer is red shifted as compared to monomer emission and depends on the angle between the 
transition moments of the dipole. In addition, excimer can also be formed by the association 
of excited molecule and unexcited molecule. Emission from the adsorbed molecules on the 
InN nanoparticles is strongly blue shifted as compared to the bulk crystallites (Fig. S2a). The 
observed shift corroborates to the fact that the adsorbed molecules are not aggregated. 
Moreover, the emission spectrum of adsorbed molecules is dominated by three main peaks 
centered at 556, 586, and 632 nm which correspond to monomer, dimer, and excimer, 
respectively (Fig. S2b). In contrast, the emission spectrum of bulk crystals is dominated by 
aggregate crystallites cantered around 660 nm (Fig. S2c). These observations further 
confirm that adsorbed molecules are not aggregated. In addition, the emission spectrum 
collected from the scratch and nanoparticles area shows the negligible amount of shift (Fig. 
S2d).  Raman imaging is carried out with the peak intensity of 8 in an area which covers the 
nanostructures depleted region also. Raman intensity imaging (Fig. 4c) clearly shows the 
enhancement of peak intensity in the presence nanostructures. The SERS measurements are 
carried out in different areas of the substrates, which also show the similar kind of 
enhancement (Fig. S3). As the absorption edge of R6G (532 nm) is close to the 514.5 nm 
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excitation, [29]
 
the SERS studies are further carried out using the 488 nm laser excitation to 
avoid the luminescence back ground. In case of 488 nm excitation also, similar kind of 
enhancement in the Raman spectral intensity is clearly observed (Fig. 5). 
  Usually, SERS enhancement in the Raman spectra is contributed by both EM and 
CM. In case of semiconductors the plasmon frequency, p is expressed as, 
 
        
    
          
                       (3) 
where me is the effective electron mass (0.07m0),    is the high frequency dielectric constant 
(for InN    = 6.7) [50] and  m is the dielectric function of surrounding medium ( air 1). 
Carrier density (n2.531019cm-3) of InN nanostructures is estimated using the Burstein-
Moss shift [40]. The plasmon frequency is calculated as 1968 cm
-1
, which is far from 
excitation frequencies (514.5 nm = 19436 cm
-1
; 488 nm = 20492 cm
-1
) as well as the low 
frequency peak observed at ~54 cm
-1
 for high temperature grown samples (Fig. 2). 
 
Fig. 5 SERS studies of InN nanostructures grown at 650 
o
C with excitation of 488 nm laser.    
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Thus, SPR cannot prevail in these nanostructures, and the role of EM can be ruled out in the 
enhancement of Raman spectral intensity. In general, SERS enhancement of the 
semiconductor nanostructures is attributed to the CM. In CM, the charge transfer takes place 
between the highest occupied molecular orbital (HOMO) levels of adsorbed molecules and 
lowest unoccupied molecular orbitals (LUMO) to the semiconductor energy levels. The 
charge transfer is feasible if the semiconductor valence band (VB) and conduction band (CB) 
levels closely match with the HOMO and LUMO levels of the adsorbed molecule [15]. In the 
present case, the R6G molecule has the LUMO and HOMO levels of 3.40 and 5.70 eV, 
respectively [29]. On the other hand, InN is calculated to have the VB of 0 eV and the CB 
lies 0.6-0.65 eV above the VB [51, 52]. These values indicated that charge transfer between 
R6G and InN may not be favourable because there is no close matching between R6G and 
InN energy levels. Moreover, in the present study, a variation in Raman spectral intensity 
enhancement was observed for the nanostructures grown at low (580 
o
C) and high 
temperatures (650 
o
C) (Figs. 3 and 4). It reveals that, there may be other reason than what it is 
usually attributed as CM for semiconducting materials. In order to understand the SERS 
enhancement, we studied the near-field light-matter interaction of these nanostructures using 
NSOM probe. NSOM imaging (Fig. 6) is carried out with the excitation of 532 nm laser 
using aperture probe of size 100 nm. Topography (Fig. 6a) and NSOM (Fig. 6b) image of 
nanostructures grown at 580 
o
C show direct correlation between morphology and optical 
image of the sample, respectively. In addition, one can observe the high optical resolution 
image in NSOM because of the near-field imaging. Similarly, 620 
o
C grown sample is also 
studied for topography (Fig. 6c) and NSOM image (Fig. 6d). In contrast to the near-field 
optical image of the sample grown at 580 
o
C  (Fig. 6b), high magnification NSOM image of 
620 
o
C grown sample (Fig. 6d) shows a clear enhancement of the near-field intensity around 
the nanostructures with the absorption of light.  The height profile of one of the 
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nanostructures (Fig. 6e) and its corresponding near-field intensity profile (Fig. 6f) show the 
strong absorption as well as enhancement of light intensity around the nanostructures. 
Similarly, 650 
o
C grown sample is also further studied for topography (Fig. 6g) and NSOM 
image (Fig. 6h). In this case also enhancement in the near-field around the nanostructures is 
observed. Similar kind of field enhancement is observed in different NSOM images of 
nanostructures grown at 620 and 650 
o
C (Fig. S4). Thus, near-field light-matter interaction 
analysis reveals that InN nanostructures with SEA show the enhancement for the light 
intensity in the vicinity of nanostructures.  
 
Fig. 6 Near-field light-matter interaction of InN nanostructures grown at 580 
o
C and 620 
o
C 
and 650 
o
C. (a) The topography of InN nanostructures grown at 580 
o
C and (b) corresponding 
NSOM image. (c) The topography of InN nanostructures grown at 620 
o
C and (d) 
corresponding NSOM image. (e) The height profile of a nanostructure indicated by a dotted 
circle in (c) and (f) its corresponding field distribution in NSOM image showing the 
enhanced field near the nanostructure surface. High magnification (g) topography and (h) 
NSOM image of InN nanostructures grown at 650 
o
C. 
The observed near-field enhancement of light intensity in the vicinity of nanostructures might 
be the reason for the SERS enhancement in case of nanostructures grown at 650 
o
C. 
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However, observed field enhancement cannot be attributed to the SPR of bulk carrier density 
in the system because of the fact that 3D plasmon frequency is far from the excitation 
frequency. The enhancement of light intensity around the nanostructures may be originated 
because of the excitation of 2D plasmons of SEA as SPPs, where electrons behave like 
2DEG. This argument is corroborated the by the observation of the low frequency peak in the 
Raman spectra of nanostructures which possesses the SEA. In the present study, Raman 
measurement conditions readily fulfill the condition of k||d<<1 for the excitation of 2D 
plasmons of InN SEA. The observed enhancement is attributed to 2D plasmon excitation and 
the EF is three orders higher than that for graphene sample [12]. The EF value is also found 
to be higher by one to two orders higher than that for some of the oxide based 
semiconducting substrates [15].
 
The observed EF value, however is substantially lower than 
the best values reported for 3D plasmons using noble metal nanostructures [35]. The SERS 
enhancement of metal nanoparticles is originated as confinement of light is smaller than the 
diffraction limit owing to localized surface plasmon resonance (LSPR)and subsequent field 
enhancement. Similarly, confinement of light also prevails in case of SPPs. However, 
confinement of light due to LSPR is expected to be very high because of the small size of 
metal nanoparticles (a, where 'a' is the size of the nanoparticles and  is the excitation 
wavelength). Moreover, the decay length of SPP is in the order of /3/5. Thus, the 
confinement of light also has the same order and subsequently the field enhancement is 
expected to be low. In addition, a significant amount of total electric field energy of SPP 
mode resides inside the conductor. These are the factors which can be the reason for the 
observed modest enhancement in the Raman spectra of the 2D plasmon. The low frequency 
of SPP as well as a semiconducting absorbing medium also might be the reason for the 
moderate enhancement in the present case.  
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 In summary, surface electron accumulation (SEA) dependent SERS activity of InN 
nanostructures is explored using the Rhodamine 6G molecules. The SEA of InN 
nanostructures is confirmed by the Raman spectroscopic analysis with the observation of low 
frequency 2D plasmon peak at ~54-60 cm
-1
 (1.6-1.8 THz). InN nanostructures with SEA 
show the considerable enhancement in the Raman spectral intensity. The enhancement factor 
is calculated to be ~ 1.4104. Rather than the 3D surface plasmon resonance of noble metal 
nanostructures as well as the chemical mechanism of semiconducting substrates, the SERS 
enhancement is attributed to the excitation of the 2D plasmons of 2DEG corresponding to the 
SEA of InN. The observed moderate enhancement factor is attributed to the large decay 
length of SPP and subsequent low confinement of light in contrast to LSPR. Excitation of the 
2D plasmons is confirmed using light-matter interaction studies in the near-field scanning 
optical microscopy. Results indicate that materials with the SEA, namely, InN and InAs can 
also be used as the semiconductor SERS substrates. 
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Supporting information  
 
 
 
Figure S1. Variation of 2D plasmon peak frequency with increasing growth temperature.  
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Figure S2. a) Normalized emission spectrum of the R6G adsorbed on the InN nanoparticles 
and R6G bulk crystals. b) and c) de-convoluted emission spectrum of adsorbed R6G on InN 
nanoparticles and R6G bulk crystals, respectively. The spectra were fitted with the Gaussian 
curves. d) Normalized emission spectrum of the R6G collected from scratch and 
nanoparticles area. 
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Figure S3. SERS enhancement studies on different positions of sample grown at 650 
o
C.   
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Figure S4. Near-field light-matter interactions in InN nanostructures grown at 620 and 650 
o
C 
possess surface electron accumulation. NSOM optical images show field enhancement close 
to the nanostructures.  
 
